Abstract Mutations in more than 500 genes have been associated with intellectual disability (ID) and related disorders of cognitive function, such as autism and schizophrenia. Here we aimed to unravel the molecular epidemiology of non-specific ID in a genetic isolate using a combination of population and molecular genetic approaches. A large multigenerational pedigree was ascertained within a Dagestan Genetic Heritage research program in a genetic isolate of indigenous ethnics. Clinical characteristics of the affected members were based on combining diagnoses from regional psychiatric hospitals with our own clinical assessment, using a Russian translation of the structured psychiatric interviews, the Diagnostic Interview for Genetic Studies and the Family Interview for Genetic Studies, based on DSM-IV criteria. Weber/CHLC 9.0 STRs set was used for multipoint parametric linkage analyses (Simwalk2.91). Next, we checked CNVs and LOH (based on Affymetrix SNP 5.0 data) in the linked with ID genomic regions with the aim to identify candidate genes associated with mutations in linked regions. The number of statistically significant (p B 0.05) suggestive linkage peaks with 1.3 \ LOD \ 3.0 we detected in a total of 10 genomic regions: 1q41, 2p25.3-p24.2, 3p13-p12.1, 4q13.3, 10p11, 11q23, 12q24.22-q24.31, 17q24.2-q25.1, 21q22.13 and 22q12.3-q13.1. Three significant linkage signals with LOD [3 were obtained at 2p25.3-p24.2 under the dominant model, with a peak at 21 cM flanked by loci D2S2976 and D2S2952; at 12q24.22-q24.31 under the recessive model, with a peak at -120 cM flanked by marker D12S2070 and D12S395 and at 22q12.3 under the dominant model, with a peak at 32 cM flanked by marker D22S683 and D22S445. After a set of genes had been designated as possible candidates in these specific chromosomal regions,we conducted an exploratory search for LOH and CNV based on microarray data to detect structural genomic variants within five ID-linked regions with LOD scores between 2.0 
Introduction
Intellectual disability (ID) is a generalized neuropsychiatric disorder, characterized by impaired cognitive functioning; it is an important healthcare problem worldwide. ID occurs in 2-3 % of newborns in the general population and mutations in more than 500 genes are thought to impact risk. Even so, its causes have remained elusive in most cases (Roeleveld et al. 1997; Yeargin-Allsopp et al. 1997; Kaufman et al. 2010; Najmabadi et al. 2011) . Over 90 different gene defects have been identified for X-chromosome-linked ID alone.
Specifically, the hippocampal formation-a crucial brain structure for cognitive processes such as learning and memory-has consistently been implicated in ID and in several other neuropsychiatric disorders (Maguire et al. 2000; Burgess et al. 2002; Snyder et al. 2011; Freitag et al. 2009 ). Hippocampal volume is progressively lost in Alzheimer's disease (Jack et al. 2011; Simic et al. 1997) ; metaanalyses show that it may also be reduced in schizophrenia (SCZ) and in major depressive disorder (MDD) (Videbech and Ravnkilde 2004) .
The heritability of many volumetric brain imaging phenotypes, such as hippocampal volume, is in the range of 62-74 % (Stein et al. 2012; Peper et al. 2007; Kremen and Jacobson 2010) . Even so, specific genetic mechanisms underlying volumetric brain differences have been challenging to identify, as each genetic variant has only a small effect; magnetic resonance imaging (MRI) is also hard to conduct on a scale large enough to achieve sufficient statistical power for genetic association studies (Stein et al. 2012) . Recently, however, we and others published the first very large genome-wide association studies (GWAS; N = 21,151) for human brain measures, including hippocampal and intracranial volumes measured using MRI from infancy to old age (Stein et al. 2012; Ikram et al. 2012; Bis et al. 2012; Taal et al. 2012 ; Thompson et al. 2014 ).
Earlier we reported our results from a genome-wide linkage scan in a pedigree ascertained in a genetic isolate of Dagestan (Northern Caucasus, Russia). This genetic isolate had an aggregation of non-syndromic ID that showed a strong effect with LOD [ 3 at 12q24 (Bulayeva et al. 2002 (Bulayeva et al. , 2005 (Bulayeva et al. , 2007 .
Such genetically homogeneous isolates offer exceptional resources to detect susceptibility genes for complex human diseases (Alkuraya 2013) . Consanguinity is common in such genetic isolates and autosomal recessive diseases are more common. Recent progress in molecular genetics and bioinformatics makes it possible to identify the role of consanguinity in detecting causal mutations in autosomal recessive diseases in an efficient and costeffective way, as compared to genetically heterogeneous outbred populations. Here we report our follow-up linkage analysis results obtained in an extended pedigree from a Dagestan genetic isolate with aggregation of ID to expedite the molecular elucidation of autosomes related to ID. We performed here genome-wide linkage scans and analyzed molecular aberrations within the identified linkage regions in highly consanguineous families ascertained in genetic isolate with aggregation of ID from Dagestan. We focused on chromosomal regions where we previously found significant associations with volumetric differences in brain structures that underlie cognition and have been implicated in neuropsychiatric disorders in large cohorts scanned with MRI (Videbech and Ravnkilde 2004; Lee et al. 2012; Brouwer et al. 2012; Thompson et al. 2014 ).
Materials and methods

Description of populations
Dagestan contains 26 small indigenous ethnic groups that have existed for over 10,000 years in the same highland region, according to archeological data. The ethnic groups are subdivided into numerous remote highland villages; according to population type classifications, some of these are designated as genetic isolates. We previously reported on a large multigenerational pedigree from one of the isolates with a dense aggregation of ID (designated as DGH011). The isolate and pedigree members were ascertained as part of our long-term research program on the 'Dagestan Genetic Heritage (DGH)' (Bulayeva et al. 2000 (Bulayeva et al. , 2002 (Bulayeva et al. , 2003 (Bulayeva et al. , 2005 (Bulayeva et al. , 2007 .
Clinical assessment
Historically, ID was defined based on an 'Intelligence Quotient' (IQ) score below 70 (ICD-10, version 2010; F70-F79) . In the general population, the average IQ is 100 and an individual is considered intellectually disadvantaged if he or she has an IQ of less than 70-75. Unspecific ID-affected subjects had been diagnosed in Dagestan psychiatric hospitals in early childhood. In a total of 21 observed ID cases, two probands displayed comorbidity with schizoaffective disorder and three with neurosensory deafness. We re-diagnosed all affected probands using a structured psychiatric interview-the Diagnostic Interview for Genetic Studies (DIGS), based on the DSM-IV diagnostic criteria (Nurnberger et al. 1994 )-as well as using ICD-10.
We previously translated the DIGS into Russian for our research and adapted it to ethnic and cultural differences of Dagestan regions, in both computerized and paper forms. Diagnostic assessments were conducted by two Dagestan psychiatrists (R. Kurbanov and U. Guseinova) trained on the DIGS and experienced with clinical evaluations using ICD-10, during their long-term work assignment in regional psychiatric hospitals. The affected subjects who met ID criteria were included as probands in our linkage study, while probands with schizoaffective co-morbidities were excluded from the analysis.
Pedigree information was corroborated and verified across interviews of different family members within each isolate. For drawing of pedigrees and data management, we used Progeny software, which combines the power of a pedigree drawing tool with an easy-to-use back-end database.
Written informed consent was obtained from each participant prior to clinical interviews and blood sample collections. The study was approved by the Dagestan IRB (Dagestan Center of the Russian Academy of Sciences).
Genotyping
Blood samples were collected from four current generations of affected and healthy pedigree members. Genomic DNA was extracted from peripheral blood leukocytes, with standard protocols. Using standard methods, approximately 400 lg of DNA was isolated from each subject's blood samples. This DNA was sent to the high-throughput genotyping facilities at the Mammalian Genotyping Service of the Marshfield Medical Research Foundation of the National Institutes of Health (US) (Weber et al. 1993) . The Weber/CHLC map contains approximately 400 STR markers (short tandem repeats; mostly tri-and tetra-nucleotide repeats), covering the genome at 10 cM resolution.
Computation of CNVs and ROH Affymetrix SNP 5.0 array sets were used with standard protocols at the Harvard Medical Center (C. Walsh's lab) for genotyping affected and unaffected members of the kindred with ID aggregation. A CNV was defined when there were at least three consecutive SNPs showing consistent deletion or duplication. As it was not possible to delineate the exact boundaries of each CNV with genomewide SNP-genotyping arrays, we used the positions of SNPs to approximate boundaries. If two individual CNVs overlapped, we merged them as a CNVR, using as boundaries the maximum-interval SNPs selected from these two CNVs. The boundary and size of the CNV intervals are defined based on the positions of the first and last array probes identified as lying within the CNV.
Loss of homozygosity (LOH) measures the degree of allelic similarity in a genome. LOH can occur either in uniparental disomy (UPD)-when both copies of a gene or genomic region are inherited from the same parent-or by bi-parental autozygosity, when alleles are derived from both parents. The generic term ''Runs of Homozygosity'' (ROH) may be used to denote either autozygous segments or UPD. ROHs were defined, for each subject in the present study, as any window of 100 or more consecutive SNPs on a single chromosome not receiving a heterozygous call. The minimum number of SNPs that constituted a ROH (l) was calculated with a method similar to that proposed by Lencz et al. (2007) . The main goal of this study was to find overlapping ROH in affected cases within linked genomic regions as a possible pathogenic cause of the clinical phenotype studied. We identified overlapping regions in ROH segments, using the sliding-window approach mentioned above. We then calculated for each SNP the proportion of homozygous windows among IDaffected participants and their healthy relatives that overlap that same position. The percentage of members that had the region with the most overlapping ROH on each chromosome was plotted, and the candidate genes located in ROH segments were identified.
Statistical analysis
For linkage analyses, we designated pedigree members with ID as 'affected'; pedigree members were considered (Sobel and Lange 1996) , which can be used to analyze large pedigrees as it considers the underlying configurations in proportion to their likelihood. Using multipoint parametric linkage analyses, we tested both dominant and recessive models with a 90 % penetrance model of inheritance, the disease allele frequency of 0.02, and the assumption of genetic heterogeneity. A detailed description of using Simwalk2 for linkage analysis in the Dagestan genetic isolates is described in our prior publications (Bulayeva et al. 2005 (Bulayeva et al. , 2007 . Following this linkage scan, samples were analyzed using Affymetrix 5.0 SNP microarrays to refine the information on the contribution of CNV and ROH in the genomic regions linked with ID. SNPs were QC filtered to minimize potential false findings based on Hardy-Weinberg equilibrium, as genotyping errors often do cause extreme HWE deviations. We also used the MSP-which denotes the proportion of missing genotypes per SNP-and the MAF, the minor allele frequency. Excessive MSP and SNPs with low MAF indicate errors related to clusteringbased calling algorithms for rare alleles. SNPs with insufficient genotyping quality on these QC variables with HWE p value [ 0.001, MSP B 5 % and MAF [ 0.01 were removed.
We calculated molecular aberrations using Golden Helix SVS7.7.3 software, which implements a Hidden Markov Model (HMM)-based algorithm to identify chromosomal gains and losses by comparing the signal intensity of each SNP probe set against a reference set. The arrays that passed the QC call rate threshold were analyzed using the Birdseed algorithm with the default setting of 0.1; a minimum segment length of 100 kb was required for calling a CNV. To minimize the risk of invalid samples passing the QC Call Rate metric, samples with outlier values for heterozygosity rate were rejected. A total of three samples that failed CNV quality control were excluded from further analysis. All arrays had a call rate of C95 % and were thus included in subsequent analyses. The final mean BRLMM call rates reached a high level of 99.0 and 99.1 % for the ID samples, respectively. All subjects that passed SNP QC procedures were entered into the CNV and LOH analysis.
Results
Demographic and clinical characteristics for the isolate ID kindred are presented in Table 1 . The pedigree was reconstructed for 21 affected cases (available for our expedition study from a total of 27 cases) and from a total of 35 individuals. The reconstructed pedigree showed that all affected ID cases are located in one extended pedigree with limited numbers of common ancestors. Interestingly, for the founder effects, many of the neighboring highland villages of the same ethnic background and population size in Dagestan do not have any diagnosed cases of ID. The pedigree has 187 members, across 11 generations (Table 1 ). The sex ratio across the isolate and in the pedigree reconstructed is similar and close to 1:1.
We analyzed the marriage structure in the reconstructed extended pedigree and found a high rate of 88 % of traditional endogamy (within village marriages) and among them 57 % are consanguineous marriages. We calculated the coefficient of inbreeding, F, using several methods: (a) based on traditional population-genetic studies, threegeneration marriage analyses among assessed subjects (F pop = 0.0066); and (b) based on marriage structure within the reconstructed pedigree (F ped = 0.0346), i.e., the population-based F pop is five times is lower than pedigreebased F ped . We obtained similar differences between affected and healthy probands in the isolate as well-the mean coefficient of inbreeding among ID cases was 2.7 times higher, compared to healthy subjects (v 2 = 30,5; df = 1; p = 0.000).
We performed genome-wide multipoint linkage analyses in this pedigree using the statistical genetics application, SimWalk2. This employed Markov chain Monte Carlo and simulated annealing algorithms that are suitable for analyzing large complex pedigrees with inbred loops (Table 2) . Parametric linkage analysis results in the pedigree with an adequately specified level of penetrance and disease alleles frequencies. We analyzed linked regions for ID candidate genes according to previous studies of cognition and ID and our findings in linkage analyses with LOD C3 as more robust evidence of linkages: 2p25.3-p24.2, 12q24.22-q24.31 and 22q12.3-q13.1 (Table 2 ). These linked regions contain genes implicated in the Total number of affected alive 27
Number of investigated subjects (number of affected) 35 (21) Nt total number of subjects of the isolate studied, F average coefficient of inbreeding evaluated using pedigree marriage structure pathogenesis of ID and/or other neurodevelopment psychiatric disorders (Table 2 ; Fig. 1a-d ).
The genomic region 12q24.22-q24.32 with LOD = 3.87 under a recessive mode of inheritance, peak -120 cM and flanking loci D12S2070-D12S395, contains genes related to cognition and psychoses-TESC, HRK, FBXW8, SBNO1, MED13, CDK2AP1, CIT, DYNLL1, P2RX7, NOS1, PLA2G1B,, CCDC60 (Table 2 ; Fig. 1c) .
Region 22q12.3-q13.1 where we obtained LOD = 3.4, under the dominant mode, peak = 32 and flanking loci D22S683-D22S445, contains a well-known ID-associated a protein-coding gene LARGE (like-glycosyltransferase), gene SYN3 (Synapsin III) that is associated with cognition and psychosis. Other genes TOM1, CSNK1E, PVALB, APOL1-APOL4, RBM9, MYH9, IL2RB, CACNG2, SOX10, DDX17, RPSAP52 have been previously associated with cognitive impairment or with aspects of neurodevelopment or neurodegenerative diseases (Table 2 ; Fig. 1d ).
After specific chromosomal regions had been identified by linkage analyses and certain genes were found as possible candidates, we used an exploratory examination of ROH and CNV based on microarray data to detect segmental variations within five ID-linked regions with LODs C3, which were considered to be the most robust among those obtained. We checked the ROH and CN segmental length sizes in selected regions and identified statistically significant differences between ID and healthy pedigree members-the mean segmental length sizes of ROH and CN were both larger among ID cases, compared to healthy subjects ( Fig. 2a-b) . Figure 2a shows the CN segment length differences between healthy (N) and ID groupsdifferences are statistically significant (Mann-Whitney Z adj = 1.93, p = 0.050). The results obtained for ROH lengths among ID cases and healthy pedigree members showed that among ID cases ROH lengths were on average 1.8 times larger, compared to healthy members (t = 2.9, df = 170, p = 0.008) (Fig. 2b) .
Both groups of ID cases and healthy pedigree members demonstrated statistically significant higher rates of heterozygosity losses among offspring of consanguineous marriages, compared offspring of unrelated spouses. It is well known that inbreeding with close relatives leads to long ROH stretches among offspring, as spouses share much of their DNA obtained from common ancestor. Endogamous marriages-within local populations-also leads to increased ROH stretches but they are less long (medium) than is the case for inbred marriages between close relatives. In our genetic isolate, we studied the offspring of two types of marriages-consanguineous and non-consanguineous. Using all detected in extended pedigree types of marriages, we analyzed ROH segment lengths among the offspring of consanguineous and non-consanguineous marriages-segmental mean length size among offspring of consanguineous marriages is 2,652 ± 1,163 kb, and a Genes associated with cognition impairment according previous studies, and found as linked with ID in our study, are indicated in bold Structural genomic variants in regions linked 1293 among offspring of non-consanguineous marriages, it was 702 ± 122 kb (t = 2.87, p = 0.008). In the linked region 2p25.3-p24.2, we found deletions among 5 of 21 affected participants, within genes SNTG2 and TPO. And in linked region 22q12.2-q13.1, CNV variation analyses showed common for four ID-affected deletions in gene LARGE in rs8141384 and rs8140012.
Given the non-uniform patterns of ROHs across the genome, we were able to uncover regions with different lengths between groups. We obtained ''hot spots''-or higher frequencies of CNV and ROH segments-in the linked region 12q24.21-q24.31 where recent studies reported associations with key brain structures related to cognition (Stein et al. 2012; Ikram et al. 2012) . The most significant differences in the sizes of ROH segments between ID and healthy groups were obtained at the 12q24-linked region-mean sizes of ROH segments in the ID group is 2.5 Mb, and in healthy subjects, 682 kb (Fig. 3) . Within ROH segments at 12q24.31, 15 of the 21 ID cases in the pedigree demonstrated loss of heterozygosity in the gene SBNO1-four cases between rs62774561 and rs10773005, 11 cases-between rs62774561 and rs11268916. Figure 4 demonstrates molecular aberrations ROH and CNV segments that involved candidate genes for ID among pedigree branch members with highest aggregation of genotyped affected and healthy members. Table 3 presents segmental lengths sizes for ROH and CN in linked 12q24.21-q24.31 region for affected ID cases and their healthy relatives in pedigree branch shown (Fig. 4) . The pedigree branch contains offspring of one spouses-ancestors existed 7 generations ago. Increased aggregation of ID among descendants in 6-7 generations is mainly related with high frequency of consanguineous marriages (double lined, Fig. 4) . In a nuclear family with grandmother #22, we found extended CN segment with length 8365912 bp (12q24,21-q24,31) that in the next generations of offspring and grandchildren had been segregated into smaller genomic regions involved to the CN deletions ( Fig. 4; Table 3 ). Such segregation may be related to recombination events. As shown in Fig. 4 , in the 12q24.22 region, 11 cases have CNV (deletions) and 15 cases have ROH segments that include genes MED13L, HRK, FBXW8 and TESC (rs11609741, rs79667445 and rs4767490) (Fig. 4) . In the same 12q24.22 intergenic region with rs7294919 (between HRK and FBXW) three of the most severely affected ID cases demonstrated ROH (Fig. 4) . In region 12q24.31, in genes CDK2AP1 and SBNO1, we obtained ROH in 15 ID cases and CN segments in 7 ID cases (Fig. 4) . In the gene CDK2AP1, we found loss of heterozygosity between rs4759414 and rs10846494 in one pedigree member that is a mother that characterizes by mild ID affectation who has four heavily ID-affected offspring. These four children also had loss of heterozygosity in the gene MED13L, between rs34802971 and rs3851642. Three other affected cases demonstrated loss of heterozygosity between rs60354985 and rs10774903 in region 12q24.22 where the genes HRK, FBXW8 and TESC are located (Fig. 4) . Among unaffected members of the pedigree, we found 4 ROH and CN segments, three of them at 12q24.31 and one at 12q24.22 regions (Fig. 4) . Results obtained support that molecular aberrations -CNV and ROH we found in 12q24.22-q24.31 are common for affected cases. These molecular aberrations affected ID pedigree member of current generations obtained from one of probably affected ancestor existed in 7th generations retrospectively (according family history).
We checked other genomic regions where recent studies reported associations with key brain structures related to cognition (Stein et al. 2012; Ikram et al. 2012 ). In 5 ID cases, we found CN-deletion within gene HMGA2 located in the 12q14.3 region (Table 4) . Two affected ID cases also showed loss of heterozygosity in the same genomic region. In region 6q22.32, we observed four affected ID cases in our pedigree with deletions in the NCOA7 gene. This gene enhances the transcriptional activities of several nuclear receptors and is involved in the co-activation of different nuclear receptors, such as ESR1, THRB, PPARG and RARA. We also obtained 'hot spots' at 17q21.31. ROH was found in some of the affected ID cases and a hot spot of CNV was found close to the genes CRHR1, KIAA1267 and MAPT located at 17q21.31 (Table 4) .
Discussion
Overall, we obtained significant LOD scores for ID in 10 genomic regions in kindred studied from isolate DGH011. We obtained a LOD [3 for ID in the regions 2p25.3-p24.2 and 12q24.22-q24.31 (Table 2 ). These linked regions contain genes implicated in the pathogenesis of ID and/or other neurodevelopment psychiatric disorders. The linked region 2p25.3-p24.2 with LOD = 3.87 contains MYT1L (myelin transcription factor 1-like) which was shown as associated with ID, as well as with SCZ, MDD and ADHD (Lee et al. 2012; Li et al. 2012; Stevens et al. 2011; Lesch et al. 2008 ). The gene is functionally implicated in neuronal differentiation and in the development of neurons and oligodendroglia in the CNS. Other genes, such as SNTG2 which were reported as a cause of neuronitis, muscular dystrophy, ASD and ID, as well as genes TPO associated with hypothyroidism COLEC11 related to learning disability, and SOX11, KIDINS220 and ASAP2 linked to neuronitis and ID also are located in this linked region (Table 2 ; Fig. 1 ). Region 22q12.3-q13.1 where we obtained LOD = 3.4, under the dominant mode, peak = 32 and flanking loci D22S683-D22S445 contains a well-known ID and muscular dystrophy associated a protein-coding gene LARGE (like-glycosyltransferase). Mutation in the LARGE gene can cause two different forms of muscular dystrophy (http://omim.org/entry/603590): dystroglycanopathy (MDDG)-a severe congenital form with brain and eye anomalies (type A6; MDDGA6, 613154), formerly designated Walker-Warburg syndrome (WWS) or muscle-eyebrain disease (MEB), and a less severe congenital form with mental retardation (type B6; MDDGB6; 608840), formerly designated congenital muscular dystrophy type 1D (MDC1D). Other important gene associated with cognition and psychosis in this genomic region is SYN3. Synapsins encode neuronal phosphoproteins which associate with the cytoplasmic surface of synaptic vesicles. Family members of this gene are characterize by common protein domains, and they are implicated in synaptogenesis and the modulation of neurotransmitter release, suggesting a potential role in several neuropsychiatric diseases that were supported in previous studies of associations with schizophrenia, bipolar disorder, multiple sclerosis and ADHD. Gene TOM1 (Target Of Myb Protein 1) is a protein-coding gene, and is associated with bipolar disorder, chronic wasting disease, cystic fibrosis. Other genes CSNK1E, PVALB, APOL1-APOL4, RBM9, MYH9, IL2RB, CACNG2, SOX10, DDX17, RPSAP52 have been previously reported as associated with cognitive impairment or with aspects of neurodevelopment or neurodegenerative diseases (Table 2 ; Fig. 1 ).
Gene KCNJ2, located in the linked with ID region 17q24.2-q25.1, is important in the development of cleft lip and palate, as well as KCNJ16 and USH2A, which are associated with sensory neural hearing loss. We found a combination of these co-morbidities in three ID cases, in the isolate studied. Three genomic regions we found linked to ID: 11q23, 12q24.23-q24.32 and 22q12.3-q13.1, have previously been reported to be associated with SCZ and MDD (Bulayeva et al. 2007 (Bulayeva et al. , 2011 . The genomic regions linked to this spectrum of clinical phenotypes were also confirmed by MRI findings in SCZ as reviewed in: (Simic Structural genomic variants in regions linked 1297 3) were robustly associated with head circumference in infancy (Taal et al. 2012) . Although these loci have previously been associated with adult height, their effects on infant head circumference were largely independent of height (P = 3.8 9 10
-7
for rs7980687 and P = 1.3 9 10 -7 for rs1042725 after adjustment for infant height); rs11655470 (17q21.31) showed suggestive evidence of association with head circumference (P = 3.9 9 10 . 1997) . Other studies demonstrated a reduced size of the amygdala-hippocampal complex, particularly in the posterior portion, in first-episode bipolar disorder (BPD) patients-e.g. (Hirayasu et al. 1998; Velakoulis et al. 1999) and in chronic MDD patients, e.g. (Altshuler et al. 1998; Drevets et al. 1992; Mayberg 1993) . This risk factor for developing psychiatric disorders across diagnostic boundaries is related to cognitive impairments, including working memory deficits, in patients with SCZ, as suggested by several investigators, e.g. (Goldberg et al. 1994; Nestor et al. 1993; Weinberger 1999) . This further supports the notion that genes involved in the development and maintenance of hippocampal circuitry or in the expression of molecules that mediates processes of neural plasticity in the hippocampus may play a critical role in the genetic predisposition to SCZ. Of particular interest is the ID-linked region 12q24 generating the highest LOD = 3.87. This is the same region where our recent studies using brain MRI scans of 21,151 individuals found associations with the volumes of key brain structures related to cognition that may also be involved in the pathogenesis of ID. The pedigree's ID cases share a haplotype block with identical-by-descent (IBD) alleles in two loci flanked by D12S2070-D12S395 with the following alleles combined in genotype -77-44-, except for three affected sibs with genotypes -76-43-that most likely are related to recombination events. Further study of the 12q24 region is warranted based on recent GWAS findings where we and others demonstrated replicated associations between genomic variants at 12q24 and key brain structures related to cognition (Videbech and Ravnkilde 2004; Brouwer et al. 2012; Li et al. 2012; Pahari et al. 2013 ). This region contains about 30 genes; several of them have been implicated in cognition and ID, including ESC, HRK, FBXW8, SBNO1 and CDK2AP1, as well as with neuropsychiatric disorders (SCZ, MDD and BPD), including CIT, DYNLL1, P2RX7, NOS1, PLA2G1B, and CCDC60. The gene CIT has been shown to be related to schizophrenia and gene NOS1 was reported to be a candidate gene for impulsivity and aggressiveness. Those genes related to both cognition and ID are also known to harbor SNPs associated with hippocampal volume and overall brain volume. In a recent meta-analysis of seven GWAS (Nobs = 10,768 of European ancestry), two top signals in six replication studies were obtained-SNP rs7980687 in SBNO1 on chromosome 12q24.23 and rs1042725 on chromosome 12q14. These SNPs were robustly associated with head circumference in infancy (Lee et al. 2012) . A study in zebrafish larvae found that knockout of Sbno1 specifically affects regionalization along the anterior-posterior axis of the brain suggesting essential roles of SBNO genes in vertebrate brain development (Takano et al. 2011) . In the present study, we found that all our ID cases had a loss of heterozygosity within gene SBNO1 located within linked and ROH segment region.
In our own study as part of the ENIGMA Consortium (http://enigma.ini.usc.edu), we found that the intergenic variant rs7294919 was associated with hippocampal volume (12q24.22; N = 21,151; P = 6.70 9 10 -16
) and with the expression levels of the positional candidate TESC in brain tissue (Thompson et al. 2014; Stein et al. 2012; Bis et al. 2012) . TESC expression is strongly regulated during cell differentiation in a cell lineage-specific fashion and plays a significant role in cell proliferation and differentiation Slepak 2007, 2010) which is likely to be relevant for hippocampal volume and brain development (Stein et al. 2011 (Stein et al. , 2012 . Our findings suggest that at least some of the observed ROH are related to deletions in CNVs. For example, in FBXW8 LOH and deletions were detected. Further screening for structural variations in same genomic region linked with ID in our isolate DGH011 pedigree indicated that, in this genomic region, eight ID cases have CNV in genes FBXW8 and TESC (rs11609741, rs79667445 and rs4767490). In the same 12q24.22 region with rs7294919 that lies between HRK and FBXW, three of the cases who were most affected by ID demonstrated ROH.
In conclusion, we performed a linkage and genome structural variation analyses in a pedigree ascertained in a highland genetic isolate, with aggregations of ID. We were able to implicate genomic regions that recent studies have associated with brain measures derived from MRI scans, especially in region 12q24.
